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Abstract9
This paper provides a model for the coherence between wind speeds located in a10
horizontal plane corresponding to hub height of wind turbines in a large wind farm.11
The model has been developed using wind speed and power measurements from12
the 72 Wind Turbines and 2 of the meteorological masts from Nysted Offshore Wind13
Farm during 9 months.14
The coherence model developed in this paper is intended for use of power fluc-15
tuations in large offshore wind farms. In this way, analysing the current coherence16
models it is shown the needing of a new one, adapted to the characteristic distances17
and the related time scale.18
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1 Introduction21
Nowadays the concern about the effects of the pollution (like the global warm-22
ing effect) and the knowledge of the limitations of the fossil resources are creat-23
ing a strong tendency in Europe towards the use of renewable energy sources.24
Therefore, there has been a big growth in the Wind Energy development, and25
it is expected to go on rising. Such growth makes essential to research deeply26
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into this energy technology from the point of view of an important component27
of the electrical system, instead of considering only the local voltage quality28
as it was done previously (Sørensen et al., 2007).29
A major issue in the control and stability of electric power systems is to30
maintain the balance between generated and consumed power. Because of the31
fluctuating nature of wind speeds, the increasing use of wind turbines for power32
generation has risen the interest in the fluctuations of the wind turbines power33
production, especially when the wind turbines are concentrated geographically34
in large wind farms. That fluctuation can also be a security issue in the future35
for systems with weak interconnections like Ireland or the Iberian Peninsula.36
As example of the significance of these power fluctuations in Energinet.dk37
(the Danish Transmission System Operator), according to Akhmatov et al.38
(2004), Energinet.dk has observed that power fluctuations from the 160 MW39
offshore wind farm Horns Rev in West Denmark introduce several challenges40
to reliable operation of the power system in West Denmark. And also, that it41
contributes to deviations from the planned power exchange with the Central42
European Power System (UCTE). Moreover, it was observed that the time43
scale of the power fluctuations was from tens of minutes to several hours.44
And in those fluctuations the importance of the spatial correlation of the wind45
speed in that time frame is shown by the fact that the power fluctuations of46
the 160 MW Wind Farm was significantly greater than the fluctuations in a47
similar capacity of Wind Turbines (WTs) distributed in smaller onshore Wind48
Farms. Those conclusions point out that the research of the spatial correlation49
is a main topic for the power fluctuation analysis.50
In this way, models of coherence have been used within the modelling of wind51
farms regarding power fluctuation. Sørensen et al. (2002) developed a wind52
speed model for a wind farm using a coherence model. In this case, the aim of53
the model was to simulate the fluctuations in the shorter time scales related54
with the power quality characteristics.55
Later on, an overall model for power fluctuations regarding the “long term”56
fluctuations described above has been developed (Sørensen et al., to appear).57
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2 Coherence models for Power Fluctuation58







where Sab(f) is the crossed power spectral density (CPSD) between the wind62
speed in points a and b, and Saa(f) and Sbb(f) are the power spectral density63
(PSD) of the wind in each point.64
Besides the practical observation of the link between the power fluctuation65
and the spectral coherence above cited, different theoretical and practical ob-66
servations have appeared in recent papers (Nanahara et al., 2004; Sørensen67
et al., to appear) confirming that the seeking of power fluctuations models is68
totally linked with the coherence models in a wind farm frame.69
Regarding the current coherence models, most of them are based in modifica-70
tions to the Davenport model (Davenport, 1961). Davenport’s model suggest71
an exponential behaviour explained by the following expression72
|γ| = e−a d·fV (2)73
where a, that is usually called decay factor, is a constant.74
This model does not explain the inflow angle dependence, and so the usual75
modifications of this model, based in changing the value of the constant a or76
even in suggesting a stochastic behaviour for it (Solari, 1987), have the same77
problem when using them in the scale of a wind farm, where this dependence78
is essential (Vigueras-Rodŕıguez et al., 2006).79
Nevertheless, the modifications suggested by Schlez and Infield (1998) intro-80
duced that dependency expressing a as a function of the inflow angle81
a =
√
(along · cos α)2 + (alat · sin α)2 (3)82
being along and alat respectively the decay factors for the longitudinal and the83
lateral situations given by84
along = (15 ± 5) · IV (4)
alat = (17.5 ± 5)(m/s)−1 · IV · V̄ (5)
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However, this empirical model was based on a very limited distance scale and86
so it does not predict the behaviour in the large wind farms of nowadays87
(Vigueras-Rodŕıguez et al., 2006), so none of the usual models used in Wind88
Energy suits for studying the Power Fluctuation of Wind Farms. Therefore,89
in this paper the spectral coherence within a large wind farm is studied, with90
the aim of suggesting a suitable model.91
3 Experimental data used92
The data used in this work is based in the Nysted Wind Farm, which is an93
offshore Wind Farm compound of 72 Siemens SWT-2.3-82 fixed speed wind94
turbines, with a global nominal power of 165.6 MW and distances between95
the wind turbines between 0.48 km and 7.73 km.96
In the 72 WTs and the 2 Meteorological Masts shown in the figures, it has been97
measured the wind speed in the nacelle of each WT (69 m above ground), the98
active power produced, the yaw angle, the angular velocity and other variables.99
Furthermore, we have accesed to the wind speed and wind direction data from100
the meteorological masts at 70 m. above ground.101
Figure 1. Layout of the Nysted Wind Farm
All of those data have been obtained through a SCADA system used by the102
wind farm main controller, which logs the data with a 1Hz sampling frequency.103
The data stored that have been used for this work is basically the wind speeds104
measured by each WT and the velocity and direction of the wind measured105
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in the masts MM2 and MM3 that are shown in the figure 1, corresponding to106
9 months in 2005.107
4 Procedure of the coherence measuring108
For obtaining a coherence model in a suitable time frame for this purpose, 2109
hour intervals have been considered. Next, it has been selected only intervals110
with a 75% of valid data in MM2 and MM3. For the single Wind Turbine111
data a filtering for each Wind Turbine working in a “normal” state has been112
done by selecting the WTs with at least a 90% of valid data and holes smaller113
than 3 seconds, so that they can be fulfilled using splines without having any114
significant influence to the time scale that we are studying.115
Then, it has been define similar pairs of WTs with similar distances and angles116
like A01-A02 and C03-C04, calling them segments.117
Figure 2. Example of how the segments are assembled
Following this process, as it is shown in figure 2, we consider all segments with118
more than 8 couples, as example some of those segments are shown in the119
table 1.120
Once having selected the intervals, the data in each time interval are processed,121
averaging the power spectra of each couple of WTs belonging to the same122
segment.123
For instance, when we consider the segment n compound of m pairs (being124








∆irow ∆icolumn dxy(m) βxy(deg.) Blocks
0 1 482 -2 64
0 2 964 -2 56
0 3 1445 -2 48
1 1 1062 -56 56
5 4 5041 -60 15
1 -4 1972 23 35
Table 1
Example of the 2-point segment characteristics.
Sbb =
∑m





i=1 FFT(Vai) · FFT(V ∗bi)
m
(8)
where Saa(f), Sbb(f) ∈ R, as well as Sab(f) ∈ C. This is done for each segment127
with enough valid data in each time interval.128
Afterwards, the results of each segment data (Saa(f), Sbb(f), Sab(f)) can be129
classified depending on the average wind speed V and the inflow angle α130









Figure 3. Definition of the inflow (α), segment (β) and wind direction angles (φ)
used.
132
Next, the data classified for each segment (n) in the same wind speed range133
(vm) and inflow angle range (αk) are used for calculating the coherence γ(n, vm, αk, f)134
as follows:135
γ(n, vm, αk, f) =
∑Nn
i=1 Sab(i, f) · Ni
√
∑Nn
i=1 Saa(i, f) · Ni ·
∑Nn
i=1 Saa(i, f) · Ni
(9)136
6
where Ni are the number of pairs of WT series of data used previously for137
calculating the power spectral functions, i.e. the number m in equations 6,7138
and 8.139
The followind 5 inflow angle bins are used [0, 6, 25, 65, 84, 90](deg.), whereas140
the ranges of wind speed are 2m/s intervals from 2m/s to 16m/s.141
Finally, using the distance of each segment d(n), we get an experimental142
γ(d, vm, αk, f).143
In this proceeding the wake has been neglected, that is possible because in144
most of the pairs consider where both measures are inside of the overall wake,145
that affects similarly to both series of data and so, it is removed by the defini-146
tion of the coherence itself (eq. 1). On the other hand, in the cases where the147
influence of having measures out of the wake and measures in the deep wake148
could be greater, looking at the expression of power spectral density of the149
wind inside and out of the wake that is shown by Sørensen et al. (to appear),150
we see that it does not affect to the time scale which we are interested in.151
In the data considered, the average of the turbulent intensity is IV = 0.12.152
The turbulent intensity has not been introduced into the general analysis in153
order to simplify the problem, so that enough number of long distance series154
are available. However, hereinafter the influence of IV is analysed using the155
following IV ranges: [0.04, 0.10] with an average IV = 0.09, [0.08, 0.16] with156
IV = 0.12 and finally [0.12, 0.20] with IV = 0.15.157
5 Results158
As it has been explained previously we have a package of coherence data159
(|γ(d, vm, αk, f)| and its argument ∠γ(d, vm, αk, f)), from which we focus mainly160
in the module part.161
Looking into the data, it is found a clear exponential dependence between162
the coherence and either the frequency f or the dimensionless frequency163
fracd · fV , as it is shown in figure 4. Although looking at the exponential164
dependence in different situations, it is also shown that its decay factors are165
quite different on each situation, and therefore it is not convenient to fit it to166
a single decay factor.167
Then, taking into account the inflow angle, we can focus firstly in the data168
corresponding to the longitudinal situation (α1 ⇒ α ∈ [0, 6 deg]) plotted in169
figure 5, where the decay factor a (see 2) is plotted for different wind speed170
ranges against the distance. In that figure, it is possible to see that there is not171
7
any significant tendency in the variation of that parameter with the distance172
or the wind speed (along 6= f(d, V )). Therefore, it is possible to assume that a173
constant value for the longitudinal situation along (see 4) would be suitable in174
this distance and time frame.175














Distance = 2.4 km. WS ∈  [8, 10] m/s, α ∈  [89, 90] deg.
Exponential fitted function: e−4.3 ⋅ d ⋅ f/V




Figure 4. Coherence measured in Nysted Wind Farm in the longitudinal situation
and an exponential curve fitted to the data.
Distance (m)
Decay factor
Figure 5. Decay factor of the coherence in the longitudinal situation.
However, in the lateral situation (α5 ⇒ α ∈ [84, 90 deg]), the decay factor176
parameter depends significantly on the distance and the wind speed (alat =177
f(d, V )), as it is shown in figure 6.178
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Looking into the figure, it is possible to see that alat gets lower when the179
distance rises, alat rises when wind speed gets greater, and those changes of180










Figure 6. Decay factor of the coherence in the lateral situation.
Looking at the intermediate situations (α2, α3, α4) , like the one shown in fig-182
ure 11 (α4 ⇒ α ∈ [65, 84 deg]), it is possible to see an intermediate behaviour183
between the longitudinal and the lateral situation, thus working with a model184
based on the Schlez & Infield one seems convenient.185
6 Fitting of the model186
Firstly, after looking the longitudinal figures shown previously in section 5, a187
constant value for the longitudinal decay factor (along) is introduced into the188
model.189
The angular part of the coherence (∠γ(d, V, α, f)) is estimated through a delay190
time model τd =
cos(α)·d
W
, where W would be the convective velocity of the191
“wind wave”, which in this frequency scale can be estimated by the average192
wind speed measured out of the wind farm V∞ ≈ V0.85 . By using the Fourier193
transform properties, that delay is translated into194





An example of comparison between above model and the experimental data196
can be found in figure 7.197
Frequency (Hz)
Segment 9 (+1,0). Longitudinal situation with V = 9 m/s
∠γ
Figure 7. Comparison between the angular part of the coherence obtained from
Nysted data and the delay model introduced by eq 10
Then, considering the results in the lateral situation shown in the previous198
section, the lateral decay factor should be modelled as a function with the199
following behaviour:200
d ↑⇒ alat ↓ (11)
V ↑⇒ alat ↑ (12)
d ↑↑⇒∆alat(∆d, ∆V ) ↓ (13)
After studying different models for the lateral decay factor, the following model201
has been chosen202




Next, the parameters of those decay factors (along, C1, C2) were fitted using204
only the data from the longitudinal and the lateral situation respectively (α1205
and α5), this was done by minimising the error of the model when trying to206
estimate log(γ), reducing it to a linear optimisation process, in which each207
segment data is weighted by NSn =
∑Nn
i Ni (see equation 9).208
Afterwards, using those values as initial point of a simplex method the model209
is fitted to the overall data |γ(d, V, α, f)| in all the inflow angle ranges. Arriving210
to the following model for the absolute value of the coherence:211
10
|γ(d, V, α, f)| = e
√
(along·cos α)2+(alat(d,V )·sin α)2
d·f
V (15)
along ≈ 4.5 (16)




This model fits quite well to the original data, having a standard deviation212
for the coherence data previously calculated |γ(d(n), V, α, f)| in each segment213











A comparison with the original coherence data in four different situations216
can be found in figure 8. Regarding the decay factors, some comparisons for217
different wind speeds, distances and inflow angles are provided in figures 9, 10218
and 11, showing all of them a good agreement between the experimental data219
and the model.220
Frequency (Hz) Frequency (Hz)
γ
γ
d = 1.5km, V ∈ [10, 12]m/s,α ∈ [84o, 90o]
d = 0.5km, V ∈ [8, 10]m/s, α ∈ [25o, 65o]
d = 1.1km, V ∈ [6, 8] m/s, α ∈ [0o, 6o]
d = 3.5km, V ∈ [8, 10]m/s,α ∈ [25o, 65o]
Figure 8. Comparison between the “measured” coherence and the fitted model in 4
different situations
Furthermore, as the non-dimensional constant values of the model (Eq. 15)221
are very closed, it is possible to simplify the model considering them equal222
without increasing significantly the error, so in this way we can express the223
coherence as follows224
|γ(d, V, α, f)| = e
√






Figure 9. Comparison between the “measured” decay factors and the model pro-
posed in this paper (UPCT-A) in the longitudinal situation.
along ≈ 4.4 (20)




Regarding the influence of the IV , neglected in the general proceeding as ex-225
plained in section 4, in the equation 15 it does not have a considerable influence226
in the longitudinal term, meanwhile when IV rises the non-dimensional term227
rises and the other term gets reduced proportionally to the square root of that228
increase. So, the influence IV could be introduced in this way:229
|γ(d, V, α, f)| = e
√
(along·cos α)2+(alat(d,V )·sin α)2
d·f
V (22)
along ≈ 4.5 (23)








Nevertheless, its influence is not that significant and it can be neglected in-230
creasing the simplicity and not affecting to the reliability of the model. More-231
over, in the simplified model (eq. 19), the influence of IV in the lateral “time232
constant” is quite small.233
7 Comparison to other models234
The model proposed here (UPCT-A) is compared in this section with Schlez235
& Infield model, which is described above (eq. 3), and with the model fitted236
12
to data of the Høvsøre test station (Sørensen et al., to appear).237
As we have seen the model UPCT-A as well as Høvsøre model agrees with the238
inflow angle dependence introduced by Schlez & Infield. And so, the longitu-239
dinal and lateral decay factors can be compared in a separate way.240
The longitudinal decay factor predicted by the three models can be seen in241
figure 12, in which it is shown that the three models agree in suggesting242
a constant value for the decay factor. However, the value suggested by the243
Schlez & Infield is significantly different from the values proposed here and244
by Høvsøre model. This can due to the different time and length scale of245
the Schlez & Infield model, because its experiments were carried out using a246
distance between the points up to 100 m and a height above ground of 18 m.247




Figure 10. Comparison between the “measured” decay factors and the model UP-




Figure 11. Comparison between the “measured” decay factors and the model UP-
CT-A for inflow angles between 65 deg. and 84 deg.
Distance (m)
Decay factor
Figure 12. Comparison between the model UPCT-A, Høvsøre model and the
Schlez& Infield model in the longitudinal situation.
can be found in figure 13. Schlez & Infield and Høvsøre model do not predict249
the distance dependence shown above. However, meanwhile Høvsøre predicts250
decay factors that are close to the model here presented for medium-high wind251
speeds and distances greater than 3 km., Schlez & Infield overestimates clearly252
the decay parameters in all the investigated distances, specially when rising253
the wind speed, which makes the predicted decay factor really huge. This254
overestimation would lead to an underestimation of the power fluctuations,255
if that model is used in this frame. Nevertheless, as it was expected if we256
consider a constant small distance, there is a qualitative agreement between257




Figure 13. Comparison between the model UPCT-A, Høvsøre model and the
Schlez& Infield model in the lateral situation.
8 Conclusions259
Starting from 9 months of real data coming from a Large Offshore Wind Farm,260
it has been seen that there is a significant dependence between the coherence261
and the inflow angle, as in the model suggested by Schlez & Infield. However,262
it was also shown that in the length, height and time scale interesting for263
studying the power fluctuations of Large Wind Farms, the Schlez & Infield264
model predicts coherence values that are far from the experimental data shown265
here.266
In those experimental data is shown that whereas the longitudinal situation267
can be modelled by means of a constant decay factor, there is a strong depen-268
dency between the decay factor in the lateral situation and the distance and269
wind speed.270
From those differences, a model for the coherence has been developed. That271
model provides the spectral coherence between wind speeds located in a hor-272
izontal plane corresponding to hub height of wind turbines in a large wind273
farm. For the shake of simplicity, a reduced model is also provided.274
That empirical model has been fitted in a time scale up to 2 hours and with275
distances from near 500 m to 6 km. The election of the scale, based in the276
bibliography above cited, makes this model suitable in the frame of Power277
Fluctuation.278
The influence of the turbulent intensity has been analysed, suggesting a model279
that includes that parameter, however it is shown that its influence is not that280
important.281
15
This coherence model can be used for improving power fluctuation simulations282
in offshore wind farms and even for evaluating the shape of large wind farms283
from this point of view.284
Wake and other effects can be introduced for instance as it was described285
in several works (Sørensen et al., 2002; Frandsen, 2005; Sørensen et al., to286
appear).287
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